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Membrane-associated PGE synthase-1 (mPGES-1) is coex-
pressed with both COX-1 and COX-2 in the kidney.
Background. Prostaglandin E2 (PGE2) plays an important
role in many physiologic and pathophysiologic processes in the
kidney. Multiple enzymes are involved in PGE2 biosynthesis, in-
cluding phospholipases, cyclooxygenases (COX), and the PGE2
synthases (PGES). The present studies were aimed at deter-
mining the intrarenal localization of mPGES-1 and whether it
is coexpressed with COX-1 or COX-2.
Methods. Rabbit mPGES-1 and COX-1 cDNAs were
cloned using reverse transcription-polymerase chain reaction
(RT-PCR) and screening a cDNA library. RNase protection
assay and immunoblotting were used to examine mPGES-1 ex-
pression levels. In situ hybridization and immunostaining were
used to determine the intrarenal localization of mPGES-1 and
cyclooxygenases.
Results. Rabbit mPGES-1 shares high sequence similarity
to the human homolog. Nuclease protection studies showed
that the kidney expresses among the highest level of mPGES-1
of any rabbit tissue. In situ hybridization showed COX-1 and
mPGES-1 mRNA was highly expressed in renal medullary col-
lecting ducts (MCD), and to a lesser extent in cortical collecting
ducts (CCD). Fainter mPGES-1 expression was also observed
in macula densa (MD) and medullary interstitial cells (RMICs),
where COX-2 is highly expressed. Double-labeling studies
(immunostaining plus in situ hybridization) and immunohis-
tochemistry of mouse tissues confirmed that mPGES-1 pre-
dominantly colocalizes with COX-1 in distal convoluted tubule
(DCT), CCD, and MCD, and is coexpressed with COX-2 at
lower levels in MD and RMICs.
Conclusion. Together, these studies suggest mPGES-1 colo-
calizes with both COX-1 and COX-2 to mediate the biosynthesis
of PGE2 in the kidney.
Prostaglandins of the E series (PGE) are major prod-
ucts of arachidonic acid metabolism and are generated
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in almost all mammalian tissues. PGE2 exerts multiple
physiologic roles in these tissues, including the kidney
[1, 2]. PGE2 synthesis involves multiple enzymatic steps
and requires the sequential action of phospholipase A2
(PLA2), cyclooxygenases (COXs), and PGE synthases.
Roles for PLA2 and COXs in PGE2 production in the
kidney are well established; however, the cDNA and pro-
tein sequence of mouse, rat, and human PGE synthases
have only recently been reported [3]. Thus far, three
enzymes possessing PGE synthetic activity have been
identified [4–6]. The membrane-associated PGES-1
(mPGES-1) has been shown to be induced by inflam-
matory stimuli and is proposed to act in the concert with
COX-2 to mediate PGE2 synthesis [5]. The membrane-
associated PGES-2 (mPGES-2), which is constitutively
expressed in several tissues, is not induced during inflam-
mation, and has been proposed to mediate PGE2 produc-
tion from both COX-1 and COX-2, with a modest COX-2
preference [7]. A cytosolic PGES (cPGES) has been pro-
posed to functionally couple predominantly with COX-1
and be responsible for constitutive production of PGE2
[4].
The kidney produces a large amount of PGE2 un-
der both physiologic and pathophysiologic conditions [8].
PGE2 plays a critical role in the regulation of salt and
water balance and the maintenance of blood flow in the
kidney [1]. In the past decade, functional roles for both
COX-1 and COX-2 in the kidney have been well charac-
terized [2]. However, relationships between these three
distinct PGE synthase isoforms and COX-1 versus COX-
2 in the kidney have not been established. In the present
studies, we explored whether mPGES-1 is colocalized
with COX-1 and COX-2 in rabbit and mouse kidney.
METHODS
cDNA cloning of rabbit mPGES-1
PCR amplification of a rabbit PGES fragment. To-
tal RNA was purified from cultured rabbit kidney
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collecting duct cells using TRIZOL-REAGENTTM
(Gibco BRL), treated with RNase-free DNAse I
(Promega), and reverse-transcribed to single-stranded
cDNA using Molony murine leukemia virus reverse tran-
scriptase and 2.5 mol/L of random hexamers according to
the manufacturer’s protocol (GeneAmp RNA PCR kit;
Perkin Elmer Cetus, Norwalk, CT, USA). The cDNA was
then amplified using PGES-selective primers selected
from conserved sequences of mouse and human mPGES-
1 (5′-GCT GGT CAT CAA GAT GTA CG-3′ for sense,
and 5′-CCA GGT AGG CCA CGG TGT GT-3′ for an-
tisense) [9, 10]. Polymerase chain reaction (PCR) reac-
tions were carried out in 10 mmol/L Tris-HCl (pH 8.3),
50 mmol/L KCl, 2.5 mmol/L MgCl2, 0.2 mmol/L dNTPs,
and 1 lmol/L primers at 94◦C for 30 seconds, 55◦C for 30
seconds, and 72◦C for 1.0 minute for 30 cycles in a Perkin
Elmer Cetus 9600 thermal cycler (Perkin Elmer Cetus).
The predicted 290 bp fragment was ligated into pCRTM
II 2.1 vector (Invitrogen, Carlsbad, CA, USA) and se-
quenced. BLAST and CLUSTAL analysis revealed that
this cDNA sequence was homologous to the coding re-
gion of human and mouse mPGES-1.
5′-Rapid Amplification of cDNA Ends (5′-RACE). 5′-
RACE was used to obtain the 5′ end of rabbit mPGES-1.
Three gene-specific antisense primers were designed ac-
cording to the cDNA sequence obtained from the RT-
PCR described above: primer 1 (5′-AAG ACG AGG
AAG TGC ATC CAG-3′), nested primer 2 (5’-AGT
AGA CCA GGC CCA GGA AGA-3′), and nested
primer 3 (5′-TAG ATG GTC TCC ATG TCG TTG-
3′). 1 lg of total RNA pretreated with RNAse-free
DNAse I (Promega) was used as a template for the
first-strand cDNA synthesis, with primer 1 and 200 U
SuperScriptTM II reverse-transcriptase according to the
manufacturer’s description (Gibco BRL). The first-
strand cDNA was purified and tailed with dCTP using
terminal deoxynucleotidyl transferase (TdT). Amplifica-
tion of the 5′ terminal cDNA sequence was performed
with primer 2 and the abridged anchor primer (94◦C for
30 seconds, 57◦C for 30 seconds, 72◦C for 45 seconds for
35 cycles). The product was used in a second nested PCR
under similar conditions with the internal primer 3 and
the abridged universal amplification primer. PCR prod-
ucts were subcloned into pCR II 2.1 vector (Invitrogen)
and sequenced.
3′-Rapid Amplification of cDNA Ends (3′-RACE).
Several mPGES1-specific sense primers for amplification
downstream of the mPGES-1 cDNA sequence previously
obtained by reverse transcription-polymerase chain re-
action (RT-PCR) were designed: primer 4 (5′-GTC ATC
ACC GGG CAA GTG AGA-3′), a nested primer 5 (5′-
CAG TAC TGC AGA AGC GAC CCG GAT-3′), and
a nested primer 6 (5′-TAC GAG CCC ACC GCA ACG
ACA T-3′). One lg of total RNA was reverse-transcribed
with the adapter primer and 200 U SuperScriptTM II
reverse-transcriptase at 42◦C (3′ RACE system; Gibco
BRL) according to the manufacturer’s protocol. cDNA
(2 mL) was used for the first round of PCR amplifica-
tion with the abridged universal amplification primer and
primer 4. A nested PCR was performed with internal
primer 5 and universal amplification primer (94◦C for
30 seconds, 57◦C for 30 seconds, and 72◦C for 90 seconds
for 35 cycles). Combinations of primers 4 and 6, and 5 and
6, respectively, were also used. Several 3′ RACE prod-
ucts were purified (Qiaquick gel extraction kit; Qiagen,
Valencia, CA, USA), subcloned into pCR II 2.1 vector
(Invitrogen), and sequenced.
Screening of a rabbit cortex cDNA library. A rabbit re-
nal cortex cDNA library (kZAP-II; Stratagene, La Jolla,
CA, USA) was screened with a [32P]-labeled 290-bp frag-
ment of rabbit mPGES-1 cDNA obtained by RT-PCR as
described above using Prime-It II Random Primer Label-
ing Kit (Stratagene). Clones (107) were screened. Plaques
were lifted with Duralon-UV membranes (Stratagene)
and fixed by ultraviolet light exposure (Stratalinker;
Stratagene). Hybridization was carried out for 18 hours
at 42◦C in a solution containing 6 × standard sodium
citrate (SSC), 5 × Denhardt’s, 50% (w/v) formamide,
1% sodium dodecyl sulfate (SDS), 100 lg/mL freshly
denatured salmon sperm, and 3 × 106 cpm/mL la-
beled probe. Seven representative clones were isolated,
grown, plated, and rescreened two more times. The iso-
lated cDNA-bearing clones were rescued to pBluescript
phagemids according to the manufacturer’s instructions.
The clones were then grown and sequenced on both
strands.
Cloning of rabbit COX-1 cDNA
RT-PCR was used to amplify a portion of rabbit COX-
1. Primers were selected from mouse and human con-
served sequences. 5′-TTT GCA CAA CAC TTC ACC
CAC CAG-3′ for sense and 5′-AAA CAC CTC CTG
GCC CAC AGC CAT-3′ for antisense [11, 12]. Total
RNA was purified from rabbit kidney and lung us-
ing TRIZOL-REAGENTTM (Gibco BRL) and reverse-
transcribed to single-stranded cDNA by using Moloney
murine leukemia virus reverse transcriptase and
2.5 mmol/L of random hexamers according to manufac-
turer’s protocol (GeneAmp RNA PCR kit; Perkin Elmer
Cetus). The cDNAs were then amplified using COX-
1 selective primers. PCR reactions were carried out in
10 mmol/L Tris-HCl (pH 8.3), 50 mmol/L KCl, 2.5
mmol/L MgCl2, 0.2 mmol/L dNTPs, and 1 mmol/L
primers at 94◦C for 0.5 minutes, 58◦C for 0.5 minutes,
and 72◦C for 0.5 minutes for 35 cycles in a Perkin Elmer
Cetus 9600 thermal cycler. A 273-bp fragment was lig-
ated into pCRTM II vector (Invitrogen) and sequenced.
This cDNA fragment of COX-1 was homologous to the
coding region of rat COX-1 [11]. Two additional gene-
specific sense primers were designed for 3′RACE: primer
1 20-mer (5′-CAA GAT GGG TCC TGG CTT CA-3′)
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and a nested primer 2 20-mer (5′-GAA GAA GCA CCC
GTC CTG AT-3′). Then, 1 lg of rabbit kidney total RNA
was reverse-transcribed and cDNA was used for ampli-
fication of downstream of COX-1 sequence by using 3′
RACE system (Gibco BRL) and clone 3′ coding region
and 3′ untranslated region (3′ UTR). 3′ RACE yielded
a 1.7-kb product which was cloned into pCR II vector
and sequenced, and a 522-bp StuI fragment of the COX-
1 3′ UTR was further subcloned into pBluScript SK(-)
(Stratagene) as a template to synthesize sense and anti-
sense riboprobe for in situ hybridization.
Northern blot and hybridization
Total RNA was extracted from rabbit kidney using
TRIZOL-REAGENTTM (Gibco BRL). RNA (15 lg)
was fractionated on a 1.0% agarose-formaldehyde gel
electrophoresis in 1 × 3-[N-morpholino]propane sulfonic
acid (MOPS) buffer and blotted to a nylon membrane
(Hybond-N). Membranes were prehybridized in 6 × SSC,
5 × Denhardt’s, 50% (w/v) formamide, 1% SDS, and
100 lg/mL of freshly denatured salmon sperm DNA for
4 hours, and then hybridized in the same buffer with 1 ×
106 cpm/mL of a 32P-labeled rabbit mPGES-1 (290 bp)
cDNA probe using Prime-It II Random Primer Labeling
Kit (Stratagene) at 42◦C overnight. After hybridization,
the membranes were washed once in 2 × SSC, 0.1% SDS
for 30 minutes at room temperature, followed by a wash
in 0.1 × SSC, 0.1% SDS at 52◦C for 30 minutes, and ex-
posed to Kodak XAR-5 film overnight at −80◦C with
intensifying screens.
RNase protection assays
RNase protection assay was performed as previously
described [13]. A 290-bp fragment of rabbit mPGES-1
cDNA was subcloned into pBluescript SK(-) vector. Ra-
diolabeled riboprobes were synthesized from 1 lg of the
linearized plasmids (mPGES-1 and GAPDH, a 174-bp
fragment) in vitro using MAXIscriptTM Kit (Ambion,
Austin, TX, USA) for 1 hour at 37◦C in a total vol-
ume of 20 lL. The reaction buffer contained 10 mmol/L
dithiothreitol (DTT), 0.5 mmol/L ATP, CTP, and GTP, 2.5
mmol/L of UTP, and 5 lL of 800 Ci/mmol [a-32P] UTP
at 10 mCi/mL (Dupont NEN, Boston, MA, USA). Hy-
bridization buffer included 80% deionized formamide,
100 mmol/L sodium citrate, pH 6.4, and 1 mmol/L EDTA
(RPA II Kit; Ambion). Total RNA (15 lg) from kidney
and other tissues or cultured kidney cells were incubated
at 45◦C for 12 hours in hybridization buffer with 5 × 104
cpm-labeled riboprobes. After hybridization, ribonucle-
ase digestion was carried out at 37◦C for 30 minutes, pro-
tected fragments were precipitated, then separated on a
6% polyacrylamide gel at 200 V for 4 hours. The gel was
exposed to Kodak XAR-5 film overnight at −80◦C with
intensifying screens.
In situ hybridization
In situ hybridization was performed as previously re-
ported [13]. Riboprobes were made for in situ hybridiza-
tion using the following templates: 522 bp of rabbit
COX-1 3′ UTR (3′UTR) (GenBank accession
#AF026008), 387 bp of rabbit COX-2 3′ UTR (GenBank
accession #U97696) [14], 290 bp of rabbit mPGES-1, and
251 bp of mouse COX-2 (kindly provided by Dr. C. Hao
at Vanderbilt University), and 831 bp of mouse mPGES-
1 (GenBank accession #AA178132) [9]. 35S-labeled
antisense riboprobes were hybridized to rabbit or mouse
kidney sections and then washed as previously described
[13]. Slides were dehydrated with graded ethanol
containing 300 mmol/L ammonium acetate, dipped in
emulsion (Ilford K5; Knutsford, Cheshire, England)
and exposed for 4 to 5 days at 4◦C. After developing
in Kodak D-19, some slides were counterstained with
hematoxylin, and photomicrographs were taken using
a Zeiss Axioskop microscope (Thornwood, NY, USA)
and either dark-field or bright field optics.
Tubule microdissection
Renal tubule microdissection was performed as re-
ported previously [15]. Female New Zealand White
rabbits weighing between 2 and 3 kg were anesthetized
intramuscularly with a mixture of ketamine (44 mg/kg)
and xylazine (11 mg/kg). The animals were then killed
by decapitation. The renal arteries were cannulated and
perfused with 60 to 80 mL of chilled phosphate-buffered
saline (PBS, containing, in mmol/L, 90 NaCl, 5 KCl, 1
MgSO4, and 2 CaCl2) containing bovine serum albu-
min (BSA, 0.5% wt/vol) and type I collagenase (0.1%
wt/vol), as well as the protease inhibitors aprotinin
(0.005% wt/vol) and bacitracin (0.08% wt/vol). The kid-
neys were removed and sliced into 1-mm sagittal sec-
tions and incubated in the collagenase-containing buffer
for 45 to 60 minutes in a 37◦C water bath while oxygen
was bubbled through the solution. The slices were then
transfered to chilled PBS plus BSA without CaCl2 or col-
lagenase and the nephron segments were obtained by
micodissection.
RT-PCR of microdissected tubules
Total RNA was purified from microdissected tubules
using TRIZOL-REAGENTTM (Gibco BRL), and RNA
was then quantified spectrophotometrically. Equal
amounts of RNA (1 lg) were reverse-transcribed as de-
scribed above. The cDNA was amplified using mPGES-1
selective primers (5′-GCA GCG CAC TGC TGG TTC
TGA AGA-3′ for sense and 5′-AGA CCA GGC CCA
GGA AGA GGA AA-3′ for antisense) to obtain a 210-bp
fragment. PCR reactions were carried out in 10 mmol/L
Tris-HCl (pH 8.3), 50 mmol/L KCl, 2.5 mmol/L MgCl2,
0.2 mmol/L dNTPs, and 1 lmol/L primers at 94◦C for
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30 seconds, 59◦C for 30 seconds, and 72◦C for 30 seconds
for 30 cycles.
Cell cultures of rabbit cortical collecting ducts
and medullary interstitial cells
Rabbit cortical collecting ducts (CCDs) were pre-
pared as previously reported [13] and cultured on a tran-
swell and plastic dish untill confluence. Rabbit medullary
interstitial cells (RMICs) were cultured as described
previously. Cells were confirmed according to the phe-
notypic electrogenecity (CCDs) and Red Oil O stain-
ing (RMICs) [14]. Confluent RMICs were treated
with or without phorbol 12-myristate 13-acetate (PMA)
(1 lmol/L) for 12 hours in Dulbecco’s modified Eagle’s
medium (DMEM) medium supplemented with 2% fetal
bovine serum.
Western blot analysis
Cells were lyzed in ice-cold lysis buffer [150 mmol/L
HEPES, 50 mmol/L EDTA, 50 mmol/L EGTA, 2 mmol/L
phenylmethylsulfonyl fluoride (PMSF)] by sonication.
Protein concentration was measured by BCA Protein As-
say Reagent (Pierce, Rockford, IL). Ten to twenty mi-
crograms of protein were loaded and analyzed by 10%
SDS-polyacrylamide gel electrophoresis (PAGE), trans-
ferred onto Hybond-ELC nitrocellulose (Amersham,
Piscataway, NJ, USA) using Bio-Rad’s Mini Trans-Blot
electrophoretic transfer cell (Hercules, CA, USA) in
25 mmol/L Tris and 192 mmol/L glycine buffer with
20% methanol overnight at 20 V. Blots were blocked
with blocking buffer [10% skim milk in Tris-buffered
saline (150 mmol/L NaCl, 10 mmol/L Tris, pH 7.6, 0.1%
Tween 20)] for 1 hour, washed, then incubated with anti-
mPGES-1 polyclonal antibody (1:500) or anti-COX-2
polyclonal antibody (1:1000; Cayman Chemical, Ann Ar-
bor, MI, USA) diluted in blocking buffer for 1 hour at
room temperature. After washing, blots were incubated
with 1:500 diluted biotinylated anti-rabbit immunoglob-
ulin G (IgG) (Vectastain ABC kit; Burlingame, CA,
USA) at room temperature for 1 hour. After washing,
chemiluminescence was performed according to man-
ufacturer’s protocol (Western blot chemiluminescence
reagent; DuPont NEN), and bands were detected after
exposure to Kodak XAR-5 film.
Light microscopic immunohistochemistry
In the mouse, immunohistologic examination and ad-
ditional staining on the slides of in situ hybridization
using a rabbit anti-human mPGES-1 antibody (1:500;
Cayman Chemical) and goat anti-mouse COX-1 (1: 250;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), which
specifically recognize mouse mPGES-1 and COX-1 anti-
gens, was performed. First, the slides were briefly incu-
bated with 3% H2O2 to eliminate endogenous peroxidase
activity, and thereafter, with rabbit anti-human mPGE-1
synthase antibody at a dilution of 1:500, and polyclonal
antibody against mouse COX-1 at a dilution of 1:250 for
60 minutes. The sections were rinsed with Tris-buffered
saline containing 0.1% Tween 20 and a biotinylated
secondary antibody against rabbit immunoglobulin for
30 minutes. Then, sections were incubated with
horseradish peroxidase (HRP)–conjugated streptavidin
for 20 minutes. HRP labeling was detected by peroxidase
substrate solution and counterstained with hematoxylin
before being examined under a light microscope.
RESULTS
cDNA cloning of full-length rabbit mPGES-1
A 290-bp fragment of rabbit mPGES-1 was amplified
by RT-PCR from renal medulla using sequence conserved
between human and mouse mPGES-1 [9, 10]. A frag-
ment of rabbit mPGES-1 with approximately 95% ho-
mology to human and mouse PGES was amplified. (5′
RACE yielded several clones containing sequence ap-
proximately 50 to 100 bp upstream of the putative ATG
start codon. In contrast, we were unable to obtain a 3′
RACE product containing a stop codon sequence. Sub-
sequent screening of a rabbit kidney cortex cDNA library
yielded several clones containing a full-length mPGES1
cDNA. The sequences include the initial codon ATG, an
in-frame coding region, and a termination codon TGA,
as well as a 787-bp 3′ UTR with a poly (A) tail of 24 A nu-
cleotides (Fig. 1A), consistent with a full-length 1654-bp
rabbit mPGES-1. In support of this, Northern blot anal-
ysis revealed a major mPGES-1 transcript of ∼1.7 kb
(Fig. 2A). The full-length mPGES-1 cDNA consists of
1654 bp (Fig. 1A) and encodes a predicted polypeptide of
153 amino acids. Comparison of the amino acid sequences
of rabbit mPGES-1 with human (Fig. 1B) and mouse
homologs (data not shown) revealed 87% and 79%
identity, respectively [9, 10]. Sequence alignment anal-
ysis also revealed significant homology (∼40%) between
rabbit mPGES-1 and other membrane-associated pro-
teins involved in eicosanoid and glutathione metabolism
(MAPEG) superfamily proteins, including MGS-1 and
leukotriene C4 synthase [3]. An arginine111 residue that
has been previously reported to be essential for enzymatic
activity is also conserved in rabbit mPGES-1 amino acid
sequence [3].
cDNA cloning of rabbit COX-1 cDNA
Sequence analysis of the 273 bp of rabbit COX-1
fragment generated using primers from the human and
rat COX-1 coding sequences revealed that the PCR
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Fig. 1. (A) Nucleotide and deduced amino acid sequence of the rab-
bit membrane-associated PGES-1 (mPGES-1). Arginine111, which is
highly conserved among the membrane-associated proteins involved
in eicosanoid and glutathione (MAPEG) family, is indicated in bold.
Locations of 5′ RACE and 3′ RACE primers are indicated by arrows
with solid and dashed lines, respectively. (B) Alignment of rabbit versus
human mPGES-1 protein. +, conservative residues.
product was 87.2% and 81.3% identical to the human and
rat COX-1 at the nucleotide level, and 89% and 84.6%
homologous to human and rat COX-1 at the amino acid
level, respectively [11, 12]. Because COX-1 and COX-
2 share high homology in coding region, 3′ RACE was
utilized to generate a 1.7-kb probe from the 3′ UTR of
rabbit COX-1, allowing discrimination between COX-1
and COX-2 mRNA. This 3′ UTR sequence overlaps the
original PCR product by 75 bp and extends the COX-1 3′
sequence by about 1.6 kb. The sequence data of 3′ RACE
product exactly matched that of a cDNA library clone
(data submitted and assigned GenBank #AF026008),
which includes the termination codon TGA in the open
reading frame and 648-bp 3′ UTR with a poly (A) tail of
55 adenosines and one putative polyadenylation signal.
Analysis revealed that no sequence similarity between
the COX-1 3′ UTR and COX-2, making this probe useful
for in situ hybridization studies.
mPGES-1 mRNA expression in rabbit tissues
and the kidney
Northern blot (Fig. 2A) and RNase protection assay
(Fig. 2B) revealed that mPGES-1 was widely expressed
in many rabbit tissues. As shown in Figure 2B, mPGES-1
mRNA was highly expressed in the bladder, lung, kidney,
and brain, followed by ovary and thymus. Lower mPGES-
1 mRNA expression was observed in heart, ileum, colon,
and testis, with very little expression in liver, spleen, stom-
ach, and uterus. In the kidney, mPGES-1 mRNA expres-
sion was much higher in renal papilla than outer medulla
and cortex (Fig. 2C).
Intrarenal localization of mPGES-1, COX-1, and COX-2
in rabbit kidney
In agreement with the RNase protection assay shown
in Figure 2C, in situ hybridization detected the great-
est expression of mPGES-1 mRNA in papilla, followed
by the outer medulla and the cortex (Fig. 3A), corre-
sponding to the known rates of PGE synthesis in the rab-
bit kidney (papillae > outer medulla>cortex) [16]. The
expression of mPGES-1 overlapped more closely with
COX-1 (Fig. 3B) than COX-2 (Fig. 3C). Higher magni-
fication showed mPGES-1 mRNA expression predomi-
nantly over medullary collecting ducts (MCDs), with less
intense expression in medullary interstitial cells (RMICs)
(Fig. 4A and D). Similarly, COX-1 mRNA expression
was also predominantly localized in MCDs with little ex-
pression in RMICs (Fig. 4B and E). In contrast, COX-2
mRNA was selectively expressed in RMICs and was not
detected in MCDs (Fig. 4C and F).
In renal cortex, in situ hybridization detected a rel-
atively weak mPGES-1 mRNA signal in macula densa
(Fig. 5A) and CCDs (Fig. 5D). However, strong and re-
stricted mRNA expression of COX-1 and COX-2 was
easily detected in CCDs (Fig. 5B) and macula densa
(Fig. 5C), respectively.
Colocalization of mPGES-1 with COX-1 and COX-2 in
mouse kidney
Immunohistochemical studies revealed that mPGES-
1 protein was expressed at low, but detectable, levels in
macula densa of mouse kidney (Fig. 6A). As observed
in rabbit, mPGES-1 was highly expressed in MCDs
(Fig. 6B), with lower level in CCDs (Fig. 6A) [9]. Faint
mPGES-1 immunostaining was also observed in RMICs
(Fig. 6B). Double-labeling studies using both in situ hy-
bridization and immunostaining indicated that mPGES-
1 colocalizes with COX-1 in distal convoluted tubules
(DCT) and collecting ducts in renal cortex (Fig. 6C and
D) and medullary collecting ducts in renal medulla (data
not shown) [17]. Notably, only weak mPGES-1 expres-
sion was detected in COX-2 expressing macula densa and
medullary interstitial cells (Fig. 6A and D).
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Fig. 2. (A) Northern blot analysis and (B, C)
RNase protection assay demonstrating tissue
distribution of membrane-associated PGES-1
(mPGES-1) mRNA in diverse rabbit tissues.
(A) Northern hybridization analysis of 15 lg
total RNA from rabbit whole kidney was per-
formed using a 290-bp cDNA fragment in the
middle of the coding region of PGE2 syn-
thase (PGES) as a hybridization probe. The
positions of 18 S and 28 S were indicated by
arrows. (B) RNase protection assay demon-
strating tissue distribution of mPGES mRNA
in various rabbit tissues. Fifteen lg of total
RNA was used, and protected bands were in-
dicated by arrows. (C) Nuclease protection
assay of 15 lg total RNA from renal cortex,
outer medulla, and papilla was performed us-
ing a 290-bp cDNA fragment in the middle of
the coding region of mPGES-1 as a hybridiza-
tion probe. GAPDH was used as RNA loading
control.
A CB
Fig. 3. Autoradiography of in situ hybridization demonstrating in-
trarenal localization of (A) membrane-associated PGES-1 (mPGES-1),
(B) cyclooxygenase-1 (COX-1), and (C) cyclooxygenase-2 (COX-2) in
rabbit kidneys using a 290 bp of radiolabeled antisense riboprobe. No
specific signals were detected using sense riboprobe (data not shown).
Expression of mPGES-1 in cultured rabbit collecting duct
cells and medullary interstitial cells
To further confirm the intrarenal expression of
mPGES-1, RT-PCR analysis was performed to mea-
sure mRNA expression of mPGES-1 in microdissected
CCDs and MCDs (Fig. 7A). MCDs exhibited greater
mPGES-1 expression than those in CCDs using RT-PCR.
In cultured RMICs, low expression of mPGES-1 pro-
tein was detected (Fig. 7B). In addition, expression of
both mPGES-1 and COX-2 was up-regulated by PMA
in cultured RMICs (Fig. 7C), suggesting mPGES-1 may
be coupled with COX-2 to mediate PGE2 production
in response to PMA treatment in RMICs. Interestingly,
when cultured on transwells, which maintain polariza-
tion, collecting ducts expressed higher levels of mPGES-
1 protein than on plastic nonpolarizing culture conditions
where mPGES-1 protein was almost completely absent
(Fig. 7B).
DISCUSSION
Prostaglandin E2 plays critical roles in diverse biologi-
cal processes, including inflammation, blood pressure reg-
ulation, pain sensation, febrile response, and reproduc-
tion [18]. In the kidney, it is well established that PGE2
Fig. 4. In situ hybridization showing medullary expression of (A, D)
membrane-associated PGES-1 (mPGES-1), (B, E) cyclooxygenase-1
(COX-1), and (C, F) cyclooxygenase-2 (COX-2) of the rabbit kidney.
White grains (A, B, C, and D) and black dots (E and F) indicate hy-
bridization signals of mPGES-1, COX-1, and COX-2 mRNA. (A) 100×
dark field, renal papilla; (B) 50× dark field, renal papilla and outer
medulla; (C) 50× dark field, renal inner medulla; (D) 200× dark/bright
field, renal papilla; (E) 200× bright field, inner medulla; (F) 400× bright
field, inner medulla.
exerts diuretic and natriuretic effects [1]. PGE2 is also an
important modulator of renal hemodynamics [19]. How-
ever, the intrarenal sources of PGE2 regulating these pro-
cesses remain poorly defined.
As opposed to peptide hormones such as insulin or
vasopressin, which act at sites distant from where they
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Fig. 5. Photomicrography showing in situ hybridization of membrane-
associated PGES-1 (mPGES-1), cyclooxygenase-1 (COX-1), and
cyclooxygenase-2 (COX-2) mRNA of rabbit renal cortex. (A) In situ
hybridization demonstrating mPGES-1 expression in renal cortex. Note
weak but detectable mPGES-1 signals over macula densa (black grains,
pink arrow); 400× bright field. (B) In situ hybridization analysis indi-
cating high level of COX-2 mRNA expression in macula densa (black
grains, blue arrow); 400× bright field. (C) Photomicrography showing
strong COX-1 mRNA signals over cortical collecting ducts (black dots,
black arrow); 400× bright field. (D) Photomicrography demonstrating
mPGES-1 mRNA signals over cortical collecting ducts (white grains,
red arrow); 200× bright/dark field.
are synthesized, prostanoids are rapidly degraded. This
limits their action to cells in the immediate vicinity of
where they are produced. In the rabbit, renal cells ca-
pable of producing PGE2 include macula densa, cortical
and medullary collecting ducts, and medullary interstitial
cells [2, 20]. There is little PGE2 synthesis in either the
proximal convoluted or proximal straight tubules. The
present findings demonstrated rabbit mPGES-1 expres-
sion predominates in the collecting duct but is not de-
tected in proximal tubules, corresponding well with these
functional results.
PGE2 synthesis requires the sequential action of cy-
clooxygenase, which specifically converts arachidonic
acid into prostaglandin H2 (PGH2) [2] and downstream
terminal enzymes designated prostaglandin E2 synthases
(PGESs), which further catalyze PGH2 to PGE2 [3].
To date, at least three PGESs, including membrane-
associated PGES-1 (mPGES-1) and PGES-2 (mPGES-
2) and cytosolic PGES (cPGES), have been identified
and demonstrated to possess specific enzymatic activity
mediating the conversion of PGH2 into PGE2 [4, 5, 7].
mPGES-1 was initially reported to be an enzyme that
is induced by proinflammatory cytokines [5, 21]. In con-
trast, mPGES-2 and cPGES gene expression appear to be
constitutively expressed, possibly acting as housekeeping
genes [4, 7]. Therefore, it was proposed that mPGES-1
is functionally coupled to COX-2 and mediates the late
Fig. 6. Immunohistochemical studies of mPGES-1 and co-localization
studies of membrane-associated PGES-1 (mPGES-1) with cyclo-
oxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) in mouse kid-
ney. (A) Immunostaining showing mPGES-1 is expressed in macula
densa (arrow). (B) mPGES-1 immunoreactivity is intensively present
in medullary collecting ducts (red arrow). Note low but detectable
mPGES-1 immunoreactivity is evident in medullary interstitial cells.
(C) In situ hybridization of mPGES-1 and immunostaining of COX-
1 showing mPGES-1 (black grains, arrow) is colocalized with COX-1
(brown color) in both distal convoluted tubules and cortical collecting
ducts; 100× bright field. (D) The high magnification of in situ hybridiza-
tion of COX-2 and immunostaining of mPGES-1 of the mouse kidney
demonstrates COX-2 mRNA expression in the medullary interstitial
cells and protein expression of mPGES-1 in the medullary collecting
ducts (dark and bright field, 400×). Note low but detectable mPGES-1
immunoreactivity is also observed in medullary interstitial cells.
phase of PGE2 production, while cPGES and mPGES-2
are functionally linked to a COX-1 mediated early phase
of PGE2 biosynthesis [3, 7]. Although the intrarenal lo-
calization of COX-2 in the kidney has been well char-
acterized, little is known about colocalization of PGES
expression with COX-1 and COX-2 in the kidney [22].
To address this, full-length rabbit mPGES-1 cDNA and
partial COX-1 sequence were cloned to provide probes
for RNase protection assay and in situ hybridization. As
in mouse [9], rabbit mPGES-1 mRNA is highly expressed
in the kidney, lung, bladder, and brain. Within the kid-
ney, mPGES-1 mRNA expression level progressively in-
creases from cortex to medulla to papilla. These results
correspond to the known relative PGE2 synthetic rates in
the rabbit kidney [1, 2, 16, 20]. Using in situ hybridization
the present studies further demonstrate that mPGES-1 is
colocalized with COX-1 in renal collecting ducts. Thus, in
contrast to previous studies suggesting selective coupling
between mPGES-1 and COX-2 [9, 17], rabbit mPGES-
1 was predominantly localized with COX-1 rather than
COX-2. The expression pattern of mPGES-1 in the rabbit
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Fig. 7. (A) Reverse transcription-polymerase chain reaction (RT-
PCR) analysis of membrane-associated PGES-1 (mPGES-1) mRNA
expression in microdissected nephron segments demonstrating the high
RNA expression in rabbit medullary collecting ducts (MCDs) and cor-
tical collecting ducts (CCDs). Arrow indicates a 210 bp of PCR product.
(B) Immunoblotting studies demonstrating mPGES-1 protein expres-
sion in cultured rabbit CCDs and medullary interstitial cells (RMICs).
Note 10 lg of protein was loaded and a band around 16 kD was ev-
ident in both cell types with much higher intensive signal in CCDs.
(C) Western blot analysis showing mPGES-1 and COX-2 expression
in cultured RMICs. RMICs were treated with or without phorbol 12-
myristate 13-acetate (PMA) at 1 lmol/L for 12 hours. Twenty lg of
protein was loaded, blotted, and then probed by polyclonal antibod-
ies against mPGES-1 and COX-2 (see Methods). Note PMA treatment
increased both mPGES-1 and COX-2 protein levels (arrows).
was further supported by a double-labeling study using
both in situ hybridization and immunostaining to de-
tect colocalization of mPGES-1, COX-1, and COX-2 in
mouse kidney. As seen in the rabbit, mPGES-1 expres-
sion is preferentially colocalized with COX-1 in cortical
and medullary collecting ducts in the mouse. In addi-
tion, it was interesting to notice that when cultured on
transwells, which maintain polarization, collecting duct
cells expressed much higher mPGES-1 protein than that
cultured under nonpolarizing conditions, suggesting high
levels of mPGES-1 expression may depend on cellular
polarization and differentiation in collecting ducts.
Low but detectable levels of mPGES-1 were also
observed in COX-2 expressing macula densa and
interstitial cells in the rabbit kidney. In many cell types,
including macrophage, fibroblast, and endothelial cells,
both mPGES-1 and COX-2 are markedly induced by
proinflammatory stimuli, accompanied by a marked in-
crease in PGE2 production [3, 23, 24]. Furthermore, this
concordant up-regulation of these two enzymes and in-
creased PGE2 biosynthesis are completely blocked by
the glucocorticoid treatment [5, 24], suggesting mPGES-
1 may share similar regulatory mechanisms as COX-2.
By using a heterologous expression system, Murakami
et al [5] found that cotransfection of HEK293 cells with
both mPGES-1 and COX-2 results in dramatic increase
in PGE2 production, while cotransfection of mPGES-
1 and COX-1 leads only to a slight increase in PGE2
production. These studies provide evidence that in some
cells mPGES-1 mediates, PGE2 synthesis occurs pre-
dominantly through a COX-2–dependent pathway [3].
A coordinated increase in COX-2 and mPGES-1 expres-
sion by PMA treatment was observed in cultured renal
medullary interstitial cells; however, it remains uncertain
whether a similar event can occur in RMICs in vivo. Re-
cently, Fuson et al [25] suggested low-salt diet can also
coordinately increase COX-2 and mPGES-1 in macula
densa. These data clearly demonstrate that mPGES-1
may act as a downstream terminal enzyme of both COX-
1 and COX-2, and account for PGE2 synthesis by the
collecting ducts, macula densa, and medullary interstitial
cells in the kidney [2, 22].
CONCLUSION
Our results demonstrate that mPGES-1 is highly ex-
pressed in the rabbit kidney, especially in the medullary
and cortical collecting ducts. Although it is mainly
colocalized with COX-1 in medullary collecting ducts,
mPGES-1 is also coexpressed with COX-2 in macula
densa and medullary interstitial cells. These data sug-
gest that mPGES-1, together with COX-1 or COX-2, is
involved in the biosynthesis of PGE2 in renal collect-
ing ducts, macula densa, and medullary interstitial cells.
mPGES-1 may play an important role in renal physiology
and pathophysiology.
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